Recently, using structure-inspired drug design, we demonstrated that aminoalkyl derivatives of ␤-cyclodextrin inhibited anthrax lethal toxin action by blocking the transmembrane pore formed by the protective antigen (PA) subunit of the toxin. In the present study, we evaluate a series of new ␤-cyclodextrin derivatives with the goal of identifying potent inhibitors of anthrax toxins. Newly synthesized hepta-6-thioaminoalkyl and hepta-6-thioguanidinoalkyl derivatives of ␤-cyclodextrin with alkyl spacers of various lengths were tested for the ability to inhibit cytotoxicity of lethal toxin in cells as well as to block ion conductance through PA channels reconstituted in planar bilayer lipid membranes. Most of the tested derivatives were protective against anthrax lethal toxin action at low or submicromolar concentrations. They also blocked ion conductance through PA channels at concentrations as low as 0.1 nM. The activities of the derivatives in both cell protection and channel blocking were found to depend on the length and chemical nature of the substituent groups. One of the compounds was also shown to block the edema toxin activity. It is hoped that these results will help to identify a new class of drugs for anthrax treatment, i.e., drugs that block the pathway for toxin translocation into the cytosol, the PA channel.
Anthrax is a deadly disease, and its causative agent, Bacillus anthracis, is considered one of the most dangerous biological weapons. The absence of an effective treatment for postexposure inhalational anthrax (19) is mostly due to the fact that antibiotics alone are not always helpful at this stage because of the accumulation of toxins. For this reason, an effective therapeutic approach would include the simultaneous blocking of bacterial growth by antibiotics and inhibition of anthrax toxin action with antitoxins (11, 14, 26) .
The two toxins playing an essential role in anthrax pathogenesis are formed by three polypeptides secreted by Bacillus anthracis: protective antigen (PA) combines either with lethal factor (LF) to form lethal toxin (LeTx) or with edema factor (EF) to form edema toxin (EdTx). LF and EF are enzymes that target substrates within the cytosol; PA, after being cleaved to PA 63 by a furin-like protease of the host cell, provides a heptameric pore, (PA 63 ) 7 , to facilitate LF and EF transport into the cytosol (6, 8, 20) . Recently, we demonstrated that persubstituted 6-aminoalkyl (per-6-aminoalkyl) derivatives of ␤-cyclodextrin (␤-CD) inhibited anthrax LeTx action in vitro and in vivo by blocking the PA 63 pore (13, 15) . The rationale behind this modification was that the positively charged cyclic molecules having sevenfold symmetry would likely block the PA channel, which has the same sevenfold symmetry and a predominantly negatively charged lumen (4) . The outside diameter of the ␤-CD molecule, 15.3 Å (28) , is comparable to the PA prepore internal diameter of 20 to 35 Å (25) and the diameter of the transmembrane pore, which is at least 11 Å at its narrowest part (5, 10) (Fig. 1) . Cyclodextrins are widely used as pharmaceutical agents to enhance the solubility, bioavailability, and stability of drug molecules because they can encapsulate organic molecules (7, 30) . Methods for selective modification of cyclodextrins have been developed previously and offer excellent opportunities for the synthesis of appropriate derivatives (16) . In the present study, we further investigated the effects of the positively charged pendant groups and the length of the alkyl spacers on the activity of ␤-cyclodextrin derivatives, with the goal of identifying more-potent inhibitors of anthrax toxin. Using hexameric ␣-cyclodextrin derivatives, we also explored the role of sevenfold symmetry in the cyclodextrin-PA channel interaction. sulfuric acid. Flash chromatography was performed using (40-to 60-m) silica gel. Melting points were taken with a Mel-Temp melting point apparatus and are uncorrected. N-Bromoalkylphthalimides 1a to 1i were either commercially available or prepared according to procedures outlined in the literature (1, 15) . Peracetylated 6-iodo-␤-CD 3 and peracetylated 6-iodo-␣-CD 7 were prepared according to the methods of Baer et al. (3) and Takeo et al. (29) . Per-6-amino-␤-CD and -␣-CD 15 and 16 (2, 12) and cyclodextrins 17 and 18 (31) were prepared according to procedures outlined in the literature.
5-Phthalimidopentyl isothiuronium bromide (compound 2d).
A mixture of 5.0 g (16.8 mmol) of N-(5-bromopentyl)-phthalimide (compound 1d) and 1.41 g (18.5 mmol) of thiourea was heated at reflux in 10 ml of absolute ethanol (EtOH) for 18 h. The mixture was cooled to room temperature, and the product was collected by filtration and then washed with two 10-ml portions of chilled EtOH and four 15-ml portions of acetone and dried under vacuum. Compound 2d was obtained as a colorless solid: yield 5.62 g (90%); mp 188 to 190°C; 1 H NMR (dimethyl sulfoxide [DMSO]-d 6 ) ␦ 1.42 (m, 2H), 1.65 (m, 4H), 3.15 (t, 2H, J ϭ 7.2 Hz), 3 .61 (t, 2H, J ϭ 6.9 Hz), 7.90 (m, 4H), and 8.97 (br s, 4H).
6-Phthalimidohexyl isothiuronium bromide (compound 2e).
A mixture of 6.0 g (19.3 mmol) of 6-bromohexylphthalimide (compound 1e) and 1.4 g (18.4 mmol) of thiourea in 20 ml of absolute EtOH was stirred at reflux for 18 h. The solvent was concentrated under diminished pressure to give a residue which was triturated with 20 ml of acetone and filtered. The product was washed with three 10-ml portions of acetone and dried under vacuum. Compound 2e was obtained as a colorless solid: yield 5.95 g (79%); mp 137 to 139°C; 1 H NMR (DMSO-d 6 ) ␦ 1.33 to 1.42 (m, 4H), 1.62 (m, 4H), 3.15 (t, 2H, J ϭ 7.5 Hz), 3 .60 (t, 2H, J ϭ 7.0 Hz), 7.89 (m, 4H), and 8.99 (br s, 3H).
7-Phthalimidoheptyl isothiuronium bromide (compound 2f).
A mixture of 3.9 g (12.0 mmol) of 7-bromoheptylphthalimide (compound 1f) and 1.00 g (13.2 mmol) of thiourea in 15 ml of absolute EtOH was stirred at reflux for 18 h. The solvent was concentrated under diminished pressure to give a residue which was triturated with 15 ml of acetone and filtered. The product was washed with three 10-ml portions of acetone and dried under vacuum. Compound 2f was obtained as a colorless solid: yield 3.76 g (78%); mp 150 to 152°C; 1 H NMR (DMSO-d 6 ) ␦ 1.31 (m, 6H), 1.58 (m, 4H), 3.13 (m, 2H, J ϭ 7.2 Hz), 3 .57 (t, 2H, J ϭ 7.1 Hz), 7 .86 (m, 4H), and 8.99 (br s, 4H).
8-Phthalimidooctyl isothiuronium bromide (compound 2g).
A mixture of 5.25 g (15.5 mmol) of 8-bromooctylphthalimide (compound 1g) and 1.04 g (13.7 mmol) of thiourea in 16 ml of EtOH was stirred at reflux for 18 h. The solvent was concentrated under diminished pressure to give a brown syrup which was triturated with 90 ml of diethylether (Et 2 O) and stirred for 18 h. The precipitated product was filtered, washed with three 15-ml portions of Et 2 O, and dried under vacuum. Compound 2g was obtained as a colorless solid: yield 5.42 g (96%); 1 H NMR (DMSO-d 6 ) ␦ 1.24 to 1.42 (m, 8H), 1.61 (m, 4H), 3.15 (t, 2H, J ϭ 7.3 Hz), 3.59 (t, 2H, J ϭ 7.0 Hz), 7.88 (m, 4H), and 9.03 (br s, 3H).
9-Phthalimidononyl isothiuronium bromide (compound 2h).
A mixture of 3.0 g (8.5 mmol) of 9-bromononylphthalimide (compound 1h) and 618 mg (8.11 mmol) of thiourea in 16 ml of EtOH was stirred at reflux for 3 h. The solvent was concentrated under diminished pressure, and the residue was triturated with 25 ml of acetone. The product was filtered, washed with two 15-ml portions of acetone, and dried under vacuum. Heptakis [2,3-di-O-acetyl-6-deoxy-6-(5-phthalimidopentyl)thio]cyclomaltoheptaose (compound 4d). To a mixture of 1.5 g (0.60 mmol) of peracetylated 6-iodo-␤-CD 3 and 4.7 g (12.6 mmol) of the thiuronium salt 2d in 60 ml of anhydrous DMF was added 4.9 g (15.0 mmol) of Cs 2 CO 3 . The reaction mixture was stirred at 23°C under argon for 44 h. The insoluble material was filtered through Celite, and the solvent was concentrated under diminished pressure. The residue was partitioned between ethylacetate (EtOAc) (75 ml) and water (75 ml). The organic layer was separated, dried (MgSO 4 ), and evaporated under diminished pressure. The crude product was dissolved in 6 ml of pyridine and 9 ml of aceticanhydride (Ac 2 O), and then 8.5 mg of 4-dimethylaminopyridine was added and the reaction mixture was stirred at 23°C under argon for 3 days. The reaction was quenched by slow addition of 40 ml of methanol (MeOH), and the solvent was concentrated under diminished pressure. The residue was partitioned between water (75 ml) and EtOAc (65 ml). The organic layer was dried Heptakis [2,3-di-O-acetyl-6-deoxy-6-(6-phthalimidohexyl)thio]cyclomaltoheptaose (compound 4e). To a mixture of 1.38 g (0.55 mmol) of peracetylated 6-iodo-␤-CD 3 and 4.5 g (11.6 mmol) of the thiuronium salt 2e in 55 ml of anhydrous DMF was added 4.51 g (13.9 mmol) of Cs 2 CO 3 . The reaction mixture was stirred at 23°C under argon for 4 days. The insoluble material was filtered through Celite, and the solvent was concentrated under diminished pressure. The residue was partitioned between EtOAc (50 ml) and water (50 ml). The organic layer was separated, dried (MgSO 4 ), and concentrated under diminished pressure. The crude product was dissolved in 5 ml of pyridine and 7.5 ml of Ac 2 O, and then 6.5 mg of 4-dimethylaminopyridine was added and the reaction mixture was stirred at 23°C under argon for 48 h. The reaction was quenched by slow addition of 50 ml of MeOH, and the solvent was concentrated under diminished pressure. The residue was partitioned between water (75 ml) and EtOAc (65 ml). The organic layer was dried (MgSO 4 ) and concentrated under diminished pressure. The crude product was purified on a silica gel column ( ϩ (theoretical 3,463.9). Heptakis [2,3-di-O-acetyl-6-deoxy-6-(7-phthalimidoheptyl)thio]cyclomaltoheptaose (compound 4f). To a mixture of 1.07 g (0.43 mmol) of peracetylated 6-iodo-␤-CD 3 and 3.62 g (9.04 mmol) of the thiuronium salt 2f in 50 ml of anhydrous DMF was added 3.62 g (9.04 mmol) of Cs 2 CO 3 . The reaction mixture was stirred at 23°C under argon for 48 h. The insoluble material was filtered through Celite, and the solvent was concentrated under diminished pressure. The residue was partitioned between EtOAc (50 ml) and water (50 ml). The organic layer was dried (MgSO 4 ) and concentrated under diminished pressure. The crude product was dissolved in 36 ml of pyridine and 48 ml of Ac 2 O, and then 20 mg of 4-dimethylaminopyridine was added and the reaction mixture was stirred at room temperature under argon for 64 h. The reaction was quenched by slow addition of 50 ml of MeOH, and the solvent was concentrated under diminished pressure. The residue was partitioned between water (75 ml) and EtOAc (65 ml). The organic layer was dried (MgSO 4 ) and concentrated under diminished pressure. The crude product was purified on a silica gel column (20 by 4 cm), eluting with 1:4 hexane-EtOAc and then with EtOAc. Compound 4f was obtained as a colorless foam: yield 0.94 g (62%); 13 Heptakis [2,3-di-O-acetyl-6-deoxy-6-(8-phthalimidooctyl)thio]cyclomaltoheptaose (compound 4g). To a mixture of 0.80 g (0.32 mmol) of peracetylated 6-iodo-␤-CD 3 and 2.78 g (6.72 mmol) of the thiuronium salt 2g in 30 ml of anhydrous DMF was added 2.6 g (8.0 mmol) of Cs 2 CO 3 . The reaction mixture was stirred at 23°C under argon for 64 h. The insoluble material was filtered, and the solvent was concentrated under diminished pressure. The residue was partitioned between EtOAc (50 ml) and water (50 ml). The organic layer was separated, dried (MgSO 4 ), and concentrated under diminished pressure. The crude product was dissolved in 24 ml of pyridine and 36 ml of Ac 2 O, and then 20 mg of 4-dimethylaminopyrididine was added and the reaction mixture was stirred at 23°C under argon for 48 h. The reaction was quenched by slow addition of 35 ml of MeOH, and the solvent was concentrated under diminished pressure. The residue was partitioned between water (75 ml) and EtOAc (65 ml). The organic layer was dried (MgSO 4 ) and concentrated under diminished pressure. The crude product was purified on a silica gel column (20 Heptakis [2,3-di-O-acetyl-6-deoxy-6-(9-phthalimidononyl)thio]cyclomaltoheptaose (compound 4h). To a mixture of 0.80 g (0.32 mmol) of peracetylated 6-iodo-␤-CD 3 and 2.70 g (6.27 mmol) of the thiuronium salt 2h in 30 ml of anhydrous DMF was added 2.6 g (8.0 mmol) of Cs 2 CO 3 . The reaction mixture was stirred at 23°C under argon for 64 h. The insoluble material was filtered, and the solvent was concentrated under diminished pressure. The residue was partitioned between EtOAc (50 ml) and water (50 ml). The organic layer was separated, dried (MgSO 4 ), and concentrated under diminished pressure. The crude product was dissolved in 24 ml of pyridine and 36 ml of Ac 2 O, and then 20 mg of 4-dimethylaminopyridine was added and the reaction mixture was stirred at 23°C under argon for 48 h. The reaction was quenched by slow addition of 35 ml of MeOH, and the solvent was concentrated under diminished pressure. The residue was partitioned between water (75 ml) and EtOAc (65 ml). The organic layer was dried (MgSO 4 ) and concentrated under diminished pressure. The crude product was purified on a silica gel column ( Heptakis[2,3-di-O-acetyl-6-deoxy-6-(10-phthalimidodecyl)thio]cyclomaltoheptaose (compound 4i). To a mixture of 0.80 g (0.32 mmol) of peracetylated 6-iodo-␤-CD 3 and 2.97 g (6.72 mmol) of the thiuronium salt 2i in 30 ml of anhydrous DMF was added 2.6 g (8.0 mmol) of Cs 2 CO 3 . The reaction mixture was stirred at 23°C under argon for 64 h. The insoluble material was filtered, and the solvent was concentrated under diminished pressure. The residue was partitioned between EtOAc (50 ml) and water (50 ml). The organic layer was dried (MgSO 4 ) and concentrated under diminished pressure. The crude product was dissolved in 24 ml of pyridine and 36 ml of Ac 2 O, and then 20 mg of 4-dimethylaminopyridine was added and the reaction mixture was stirred at 23°C under argon for 48 h. The reaction was quenched by slow addition of 35 ml of MeOH, and the solvent was concentrated under diminished pressure. The residue was partitioned between water (75 ml) and EtOAc (65 ml). The organic layer was dried (MgSO 4 ) and concentrated under diminished pressure. The crude product was purified on a silica gel column (20 Per-6-(6-aminohexylthio)-␤-cyclodextrin (cyclodextrin 5e). A suspension of 1.0 g (0.29 mmol) of cyclodextrin 4e in 15 ml of 1:1 H 2 O-EtOH was treated with 15 ml of hydrazine monohydrate and heated at 70°C for 20 h. The mixture was cooled to room temperature, and the solvent was concentrated under diminished pressure. The residue was triturated with 40 ml of 1 N HCl, and the mixture was stirred at 23°C for 18 h. The insoluble material was removed by centrifugation, and the supernatant was treated with acetone (200 ml, or until the product precipitated). The product was collected, washed with three 25-ml portions of acetone, and dried under vacuum. Cyclodextrin 5e was obtained as a colorless solid: yield 523 mg (82%); mp 216 to 218°C (decomp.); 13 ϩ (theoretical 1,941.7). Per-6-(7-aminoheptylthio)-␤-cyclodextrin (cyclodextrin 5f). A suspension of 850 mg (0.24 mmol) of cyclodextrin 4f in 12 ml of 1:1 H 2 O-EtOH was treated with 12 ml of hydrazine monohydrate and heated at 70°C for 18 h. The cooled reaction mixture was concentrated under diminished pressure. The residue was triturated with 40 ml of 1 N HCl, and the mixture was stirred at 23°C for 4 h. The insoluble material was removed by centrifugation, and the supernatant was treated with acetone until the product precipitated. The product was collected, washed with three 20-ml portions of acetone, and dried under vacuum. Cyclodextrin 5f was obtained as a yellow solid: yield 340 mg (61%); mp 186 to 188°C (decomp.); 13 
Per-6-(8-aminooctylthio)-␤-cyclodextrin (cyclodextrin 5g).
A suspension of 0.8 g (0.22 mmol) of cyclodextrin 4g in 12 ml of 1:1 H 2 O-EtOH was treated with 12 ml of hydrazine monohydrate and heated at 80°C for 14 h. The cooled reaction mixture was concentrated under diminished pressure. The residue was triturated with 25 ml of 1 N HCl, and the reaction mixture was stirred at 23°C for 2 h. The insoluble material was removed by centrifugation, and the supernatant was treated with acetone (150 ml) or until the product precipitated. The product was collected, washed with three 25-ml portions of acetone, and dried under diminished pressure. Cyclodextrin 5g was obtained as a colorless solid: yield 433 mg (82%); mp 168 to 172°C (decomp.); 13 
Per-6-(9-aminononylthio)-␤-cyclodextrin (cyclodextrin 5h).
A suspension of 790 mg (0.21 mmol) of cyclodextrin 4h in 12 ml of 1:1 H 2 O-EtOH was treated with 12 ml of hydrazine monohydrate and heated at 90°C for 15 h. The reaction mixture was cooled to room temperature and then concentrated under diminished pressure. The residue was triturated with 25 ml of 1 N HCl, and the mixture was stirred at 23°C for 2 h. The insoluble material was removed by centrifugation, and the supernatant was treated with acetone (150 ml, or until the product precipitated). The product was collected, washed with three 25-ml portions of acetone, and dried under vacuum. Cyclodextrin 5h was obtained as a colorless solid: yield 356 mg (67%); mp 182 to 186°C (decomp.); 13 
2).

Per-6-(10-aminodecylthio)-␤-cyclodextrin (cyclodextrin 5i).
A suspension of 760 mg (0.19 mmol) of cyclodextrin 4i in 11 ml of 1:1 H 2 O-EtOH was treated with 11 ml of hydrazine monohydrate and heated at 80°C for 15 h. The cooled reaction mixture was concentrated under diminished pressure. The residue was triturated with 15 ml of 1 N HCl, and the mixture was stirred at 23°C for 1 h. The insoluble material was removed by centrifugation, and the supernatant was treated with acetone (150 ml, or until the product precipitated). The product was collected, washed with three 20-ml portions of acetone, and dried under vacuum. 
Per-6-(3-aminopropylthio)-␣-cyclodextrin (cyclodextrin 8b).
To a mixture of 300 mg (0.141 mmol) of peracetylated 6-iodo-␣-CD 7 (29) and 800 mg (2.2 mmol) of the thiuronium salt 2b in 10 ml of anhydrous DMF was added 1.18 g (3.62 mmol) of Cs 2 CO 3 . The reaction mixture was stirred at 23°C under argon for 48 h. The insoluble material was removed by filtration through Celite, and the solvent was concentrated under diminished pressure. The residue was partitioned between EtOAc (75 ml) and water (75 ml). The organic layer was concentrated under diminished pressure. The crude product was dissolved in 5 ml of pyridine and 5 ml of Ac 2 O. A catalytic amount of dimethylaminopyridine was added, and the reaction mixture was stirred at 23°C under argon for 3 days. The reaction was quenched by slow addition of 3 ml of MeOH, and the solvent was concentrated under diminished pressure. The residue was partitioned between water (75 ml) and EtOAc (65 ml). The organic layer was dried (MgSO 4 ) and concentrated under diminished pressure. The crude product was purified on a silica gel column (17 by 3 cm), eluting with EtOAc. A suspension of the purified material in 6 ml of 1:1 H 2 O-EtOH was treated with 5 ml of hydrazine monohydrate and heated at 80°C for 16 h. The cooled reaction mixture was concentrated under diminished pressure. The residue was triturated with 3 ml of 1 N HCl, and the mixture was stirred at 23°C for 1 h. The insoluble material was removed by centrifugation, and the supernatant was treated with acetone (150 ml, or until the product precipitated). The product was collected, washed with three 20-ml portions of acetone, and dried under vacuum. Cyclodextrin 8b was obtained as a yellow oil: yield 60 mg (48%).
Per-6-(6-aminohexylthio)-␣-cyclodextrin (cyclodextrin 8e). To a mixture of 210 mg (0.098 mmol) of peracetylated 6-iodo-␣-CD 7 (29) and 610 mg (1.48 mmol) of the thiuronium salt 2e in 10 ml of anhydrous DMF was added 802 mg (2.46 mmol) of Cs 2 CO 3 . The reaction mixture was stirred at 23°C under argon for 48 h. The insoluble material was removed by filtration through Celite, and the solvent was concentrated under diminished pressure. The residue was partitioned between EtOAc (75 ml) and water (75 ml). The organic layer was separated, dried (MgSO 4 ), and concentrated under diminished pressure. The crude product was dissolved in 5 ml of pyridine and 5 ml of Ac 2 O. A catalytic amount of dimethylaminopyridine was added, and the reaction mixture was stirred at 23°C under argon for 3 days. The reaction was quenched by slow addition of 2 ml of MeOH, and the solvent was concentrated under diminished pressure. The residue was partitioned between water (75 ml) and EtOAc (65 ml). The organic layer was dried (MgSO 4 ) and concentrated under diminished pressure. The crude material was purified on a silica gel column (17 by 3 cm), eluting with EtOAc. A suspension of the purified cyclodextrin in 6 ml of H 2 O-EtOH (1:1, vol/vol) was treated with 5 ml of hydrazine monohydrate and heated at 80°C for 16 h. The cooled reaction mixture was concentrated under diminished pressure. The residue was triturated with 2 ml of 1 N HCl, and the reaction mixture was stirred at 23°C for 1 h. The insoluble material was removed by centrifugation, and the supernatant was treated with acetone (150 ml, or until the product precipitated). The product was collected, washed with three 20-ml portions of acetone, and dried under vacuum. Cyclodextrin 8e was obtained as a yellow oil: yield 68 mg (36%).
Per-6-(2-aminoethylthioguanidino)-␤-cyclodextrin (cyclodextrin 9a).
To a solution of 864 mg (6.20 mmol) of S-methylisothiourea hemisulfate in 20 ml of H 2 O was added 0.8 ml of concentrated aqueous ammonia with stirring at 0°C. After 1 h, 400 mg (0.22 mmol) of compound 5a (15) was added and the reaction mixture was stirred at 85°C for 72 h. The solvent was concentrated under diminished pressure, and 2 to 3 ml of 1 N HCl was added with stirring for 1 h. Acetone (40 ml) was then added, and the precipitated material was collected by filtration. The product was washed with three 20-ml portions of acetone and dried under vacuum. Cyclodextrin 9a was obtained as a tan powder: yield 240 mg (53%); mp 182 to 184°C (decomp.); 13 C NMR (DMSO-d 6 ) ␦ 30.5, 31.2, 32.9, 33.9, 72.1, 73.4, 85.5, 103.0, and 158.1.
Per-6-(3-aminopropylthioguanidino)-␤-cyclodextrin (cyclodextrin 9b). To a solution of 600 mg (4.31 mmol) of S-methylisothiourea hemisulfate in 15 ml of H 2 O was added 0.6 ml of concentrated aqueous ammonia with stirring at 0°C. After 1 h, 300 mg (0.158 mmol) of compound 5b (15) was added. The reaction mixture was stirred at 85°C for 72 h. The solvent was concentrated under diminished pressure, and 2 to 3 ml of 1 N HCl was added with stirring for 1 h. Acetone (40 ml) was then added, and the precipitated material was collected by filtration. The product was washed with three 20-ml portions of acetone and dried under vacuum. Cyclodextrin 9b was obtained as a yellow foam: yield 150 mg (44%); 13 Per-6-(4-aminobutylthioguanidino)-␤-cyclodextrin (cyclodextrin 9c). To a solution of 390 mg (2.80 mmol) of S-methylisothiourea hemisulfate in 10 ml of H 2 O was added 0.4 ml of concentrated aqueous ammonia with stirring at 0°C. After 1 h, 200 mg (0.10 mmol) of compound 5c (15) was added. The reaction mixture was stirred at 85°C for 72 h. The solvent was concentrated under diminished pressure, and 1 to 2 ml of 1 N HCl was added with stirring for 1 h. Acetone (40 ml) was then added, and the precipitated material was collected by filtration. The product was washed with three 20-ml portions of acetone and dried under vacuum. Cyclodextrin 9c was obtained as a yellow foam: yield 99 mg (43%); 13 
Per-6-(6-aminohexylthioguanidino)-␤-cyclodextrin (cyclodextrin 9e).
To a solution of 640 mg (4.60 mmol) of S-methylisothiourea hemisulfate in 20 ml of H 2 O was added 0.6 ml of concentrated aqueous ammonia with stirring at 0°C. After 1 h, 360 mg (0.164 mmol) of compound 5e was added. The reaction mixture was stirred at 85°C for 72 h. The solvent was concentrated under diminished pressure, and 2 to 3 ml of 1 N HCl was added with stirring for 1 h. Acetone (40 ml) was then added, and the precipitated material was collected by filtration. The product was washed with three 20-ml portions of acetone and dried under vacuum. Cyclodextrin 9e was obtained as a yellow foam: yield 196 mg (48%); 13 Heptakis{2,3-di-O-acetyl-6-deoxy-6-[2-(phthalimidomethyl)-benzyl]-thio}-cyclomaltoheptaose (compound 13a). To a mixture of 0.80 g (0.32 mmol) of peracetylated 6-iodo-␤-CD 3 and 2.78 g (6.72 mmol) of the thiuronium salt 12a in 30 ml of anhydrous DMF was added 2.6 g (8.0 mmol) of Cs 2 CO 3 . The mixture was stirred at 23°C under argon for 64 h. The insoluble material was filtered, and the solvent was concentrated under diminished pressure. The residue was partitioned between EtOAc (50 ml) and water (50 ml). The organic layer was dried (MgSO 4 ) and concentrated under diminished pressure. The crude product was dissolved in 24 ml of pyridine and 36 ml of Ac 2 O, and then 20 mg of 4-dimethylaminopyridine was added and the reaction mixture was stirred at 23°C under argon for 48 h. The reaction was quenched by slow addition of 35 ml of MeOH, and the solvent was concentrated under diminished pressure. The residue was partitioned between water (75 ml) and EtOAc (65 ml). The organic layer was dried (MgSO 4 ) and concentrated under diminished pressure. The crude product was purified on a silica gel column (20 
Heptakis{2,3-di-O-acetyl-6-deoxy-6-[3-(phthalimidomethyl)-benzyl]-thio}-cyclomaltoheptaose (cyclodextrin 13b).
To a mixture of 1.14 g (0.45 mmol) of peracetylated 6-iodo-␤-CD 3 and 3.9 g (9.60 mmol) of the thiuronium salt 12b in 45 ml of anhydrous DMF was added 3.65 g (11.2 mmol) of Cs 2 CO 3 . The reaction mixture was stirred at 23°C under argon for 48 h. The insoluble material was filtered, and the solvent was concentrated under diminished pressure. The residue was partitioned between EtOAc (50 ml) and water (50 ml). The organic layer was dried (MgSO 4 ) and concentrated under diminished pressure. The crude product was dissolved in 26 ml of pyridine and 40 ml of Ac 2 O, and then 20 mg of 4-dimethylaminopyridine was added and the reaction mixture was stirred at 40°C under argon for 48 h. The cooled reaction mixture was quenched by slow addition of 50 ml of MeOH, and the solvent was concentrated under diminished pressure. The residue was partitioned between water (50 ml) and EtOAc (50 ml). The organic layer was dried (MgSO 4 ) and concentrated under diminished pressure. The crude product was purified on a silica gel column (20 by 4 cm), eluting with EtOAc. Cyclodextrin 13b was obtained as a yellow foam: yield 835 mg (51%); 13 
Heptakis{2,3-di-O-acetyl-6-deoxy-6-[4-(phthalimidomethyl)-benzyl]-thio}-cyclomaltoheptaose (cyclodextrin 13c).
To a mixture of 332 mg (0.13 mmol) of peracetylated 6-iodo-␤-CD and 975 mg (2.39 mmol) of the thiuronium salt 12c in 13 ml of anhydrous DMF was added 1.08 g (3.32 mmol) of Cs 2 CO 3 . The reaction mixture was stirred at 23°C under argon for 48 h. The insoluble material was filtered, and the solvent was concentrated under diminished pressure. The residue was partitioned between EtOAc (50 ml) and water (50 ml). The organic layer was separated, dried (MgSO 4 ), and concentrated under diminished pressure. The crude product was dissolved in 8 ml of pyridine and 12 ml of Ac 2 O, and then 10 mg of 4-dimethylaminopyridine was added and the reaction mixture was stirred at 40°C under argon for 20 h. The cooled reaction mixture was quenched by slow addition of 25 ml of MeOH, and the solvent was concentrated under diminished pressure. The residue was partitioned between water (45 ml) and EtOAc (30 ml 
Per-6-S-[(2-aminomethyl)benzyl]-␤-cyclodextrin hydrochloride (cyclodextrin 14a).
A suspension of 600 mg (0.17 mmol) of cyclodextrin 13a in 10 ml of 1:1 H 2 O-EtOH was treated with 10 ml of hydrazine monohydrate and heated at 70°C for 18 h. The cooled reaction mixture was concentrated under diminished pressure. The residue was triturated with 30 ml of 1 N HCl, and the mixture was stirred at 23°C for 3 h. The insoluble material was removed by centrifugation, and the supernatant was treated with acetone until the product precipitated. The product was collected, washed with three 20-ml portions of acetone, and dried under vacuum. Cyclodextrin 14a was obtained as a colorless solid: 306 mg (78%); mp 185 to 187°C (decomp.); 13 
Per-6-S-[(3-aminomethyl)-benzyl]-␤-cyclodextrin hydrochloride (cyclodextrin 14b).
A suspension of 757 mg (0.21 mmol) of cyclodextrin 13b in 12 ml of 1:1 H 2 O-EtOH was treated with 12 ml of hydrazine monohydrate and heated at 70°C for 18 h. The cooled reaction mixture was concentrated under diminished pressure. The residue was triturated with 40 ml of 1 N HCl, and the mixture was stirred at 23°C for 21 h. The insoluble material was removed by centrifugation, and the supernatant was treated with acetone until the product precipitated. The product was collected, washed with three 20-ml portions of acetone, and dried under vacuum. Cyclodextrin 14b was obtained as a colorless solid: yield 316 mg (64%); mp 190 to 192°C (decomp.); 13 
Per-6-S-[(4-aminomethyl)-benzyl]-␤-cyclodextrin hydrochloride (cyclodextrin 14c).
A suspension of 144 mg (0.04 mmol) of cyclodextrin 13c in 3 ml of 1:1 H 2 O-EtOH was treated with 3 ml of hydrazine monohydrate and heated at 65°C for 19 h. The cooled reaction mixture was concentrated under diminished pressure. The residue was triturated with 8 ml of 1 N HCl, and the mixture was stirred at 23°C for 22 h. The insoluble material was removed by centrifugation, and the supernatant was treated with acetone until the product precipitated. The product was collected, washed with three 10-ml portions of acetone, and dried under vacuum. Cyclodextrin 14c was obtained as a colorless solid: 66 mg (70%); mp 190 to 192°C (decomp.); 13 
Hexakis [6-deoxy-6-amino]-␣-cyclodextrin (compound 16).
To a mixture of 202 mg (0.124 mmol) of hexakis [2,3-di-O-acetyl-6-deoxy-6-amino]-␣-cyclodextrin (29) in 7 ml of dry DMF was added 525 mg (2.0 mmol) of PPh 3 with stirring at 23°C for 1.5 h. Concentrated aqueous ammonia was added dropwise until the solution became a white suspension (7 ml), and the resulting mixture was stirred for 18 h. The mixture was concentrated, and ethanol was added to form a white precipitate. The solid was filtered, washed twice with ethanol, and dried to give a white solid: yield 75 mg (55%); mass spectrum m/z 989. added, and the cells were washed once. The cells were plated in 24-well plates at a concentration of 10 6 cells/well and incubated overnight at 37°C in 5% CO 2 . Cytotoxicity neutralization assay. RAW 264.7 cells were preincubated with different concentrations of tested compounds in DMEM for 1 h at 37°C in a 5% CO 2 atmosphere. Then, DMEM or LeTx (LF, 32 ng/ml; PA, 500 ng/ml) in the medium was added, and the plate was incubated under the same conditions for 4 h. Cell viability was monitored using CellTiter 96 AQ ueous non-radioactive cell proliferation assay (MTS) kit from Promega (Madison, WI). A Quant spectrophotometer from Bio-Tek Instruments, Inc. (Winooski, VT), was used for readings of optical density at 570 nm.
cAMP immunoassay. The CHO-K1 cells were preincubated with different concentrations of tested compounds in F-12K medium for 30 min at 37°C in 5% CO 2 . Medium or EdTx (EF, 500 ng/ml; PA, 500 ng/ml) was added, and the plate was incubated for an additional 4 h. After incubation, the medium/EdTx was removed and 0.1 M HCl plus 0.5% Triton X-100 was added to each well to lyse the cells. The plate was centrifuged at 600 ϫ g for 10 min. The supernatants were collected, and cyclic AMP (cAMP) production was evaluated using a cAMP immunoassay kit purchased from R&D Systems, Inc. (Minneapolis, MN) .
Channel reconstitution assay. Channel reconstitution experiments were performed as described previously (22). To form "solvent-free" planar lipid bilayers with the lipid monolayer opposition technique (21), we used a 5% solution of diphytanoyl phosphatidylcholine in pentane. Membranes were formed on a 60-m-diameter (for single-channel measurements) or a 150-m-diameter (for multichannel measurements) aperture in the 15-m-thick Teflon film that separated two compartments. PA 63 was prepared from PA 83 by limited trypsin digestion (23) or purchased directly from List Biological Laboratories, Inc. (Campbell, CA), in the purified form. For multichannel experiments, about 1 to 2 l of 0.2-mg/ml stock PA 63 was applied to the cis side of the membrane. Single channels were formed by adding 0.5 to 1 l of 20-g/ml stock solution of PA 63 to 1.5 ml aqueous phase in the cis half of the chamber. For all experiments, the symmetrical solutions of 0.1 M KCl (multichannel) or 1.0 M KCl (single channel) at pH 6.6 were employed.
Under this protocol, PA channel insertion was always directional. The electrical potential difference across the bilayer lipid membrane was applied with a pair of Ag-AgCl electrodes in 2 M KCl, 1.5% agarose bridges. All reported multichannel experiments were performed at 20-mV applied voltage, positive from the side of PA 63 addition (cis side).
Conductance measurements were done using an Axopatch 200B amplifier (Axon Instruments, Inc., Foster City, CA) in the voltage clamp mode. Signals were filtered by a low-pass, eight-pole Butterworth filter (model 9002; Frequency Devices, Inc., Haverhill, MA) at 15 Hz and 15 kHz for multichannel and singlechannel measurements, correspondingly, and directly saved into the computer memory with sampling frequencies of 50 Hz and 50 kHz for multichannel and single-channel experiments, respectively.
At low (nM) cyclodextrin concentrations, a certain nonadditivity of cyclodextrin additions was observed. For example, in some cases the inhibitory effect on channel conductance was more significant with 1 l of 1 M cyclodextrin stock solution addition than with 10 l of 100 nM solution addition to the same volume. Different aspects of cyclodextrin chemistry, such as a recently reported modification of the polymer surface by the incorporation of cyclodextrins (9) and an undesirable reaction of aqueous cyclodextrin solutions with polypropylene (24) , suggest the possible loss of cyclodextrins in low-cyclodextrin-containing solutions due to adsorption or other kinds of interaction with the tubes or tips surfaces. To minimize this problem, low-binding-polymer technology products were used for cyclodextrin storage, dilution, and sampling (Sorenson BioScience, Inc., Salt Lake City, UT).
RESULTS AND DISCUSSION
Chemistry. ␤-Cyclodextrin is a naturally occurring cyclooligosaccharide containing seven ␣-(1,4)-D-glucopyranose subunits linked through ␣-(1,4) glucosidic bonds (28) . The primary (C-6) and secondary (C-2 and C-3) hydroxyl groups may be used as points of functionalization (Fig. 1) . The hydroxyl groups at positions 2 and 3 form hydrogen bonds and are required to keep the molecule rigid, making the 6-OH group a favorable site for modifications. Here, we synthesized a series of hepta-6-thioaminoalkyl and hepta-6-thioguanidinoalkyl derivatives of ␤-cyclodextrin with alkyl spacers of various lengths and tested them for the ability to inhibit the cytotoxicity of LeTx as well as to block ion conductance through PA channels reconstituted in planar bilayer lipid membranes. The compounds synthesized and tested in this study are presented in Table 1 .
Our synthetic approach involved the preparation of thiolated alkylphthalimide building blocks in order to perform attachment to per-6-iodo-␤-CD by nucleophilic substitution. Thus, the N-bromoalkylphthalimides (1a to 1i) were treated with thiourea in EtOH at reflux to afford the corresponding thiuronium salts (2a to 2i) in excellent yields (Fig. 2) . The use of thiuronium salts provides an advantage in that these salts are stable solids. The synthesis of the fully protected cyclodextrins (4d to 4i), in which the C-6 position of the sugar is linked to alkylphthalimide through a sulfur atom, was carried out as shown in Fig. 3 . Linkage of the alkylphthalimide moiety was achieved by reaction of the corresponding pseudothioureas (2d to 2i) with peracetylated 6-iodo-␤-CD 3. Cyclodextrins 4d to 4i were obtained in good yields (62 to 75%) when the reactions were performed in DMF in the presence of Cs 2 CO 3 at room The synthesis of several ␣-cyclodextrins was also completed to explore the importance of sevenfold versus sixfold symmetry (Fig. 4) . Compounds 8b and 8e were obtained as the hydrochloride salts by use of the same methods outlined for the synthesis of ␤-cyclodextrins, starting from the known hexakis (2,3-di-O-acetyl-6-deoxy-6-iodo)-␣-cyclodextrin 7 (29) . The aminoethyl (compound 5a), aminopropyl (compound 5b), aminobutyl (compound 5c), and aminohexyl (compound 5e) derivatives of ␤-cyclodextrin (compound 8) were successfully guanidinylated with S-methylisothiourea hemisulfate and treated with 1 N HCl to afford ␤-cyclodextrin derivatives 9a to 9c and 9e as the hydrochloride salts (Fig. 5) . The structures of the final compounds were characterized only by 13 C NMR and MALDI mass spectrometry since the 1 H NMR spectra showed broad and unresolved signals in DMSO-d 6 at room temperature.
In order to define structure-activity relationships, another set of compounds were also prepared, incorporating a rigid spacer in lieu of the alkyl chain. Primary aminomethyl groups were introduced to the ortho, meta, and para positions of the phenyl ring.
␣,␣-Dibromoxylenes 10a to 10c were treated with potassium phthalimide in DMF to give compounds 11a to 11c in 20 to 30% yields (Fig. 6) . Treatment of phthalimides 11a to 11c with thiourea in EtOH at reflux afforded isothioureas 12a to 12c in 61, 30, and 84% yields, respectively. Compounds 12a to 12c reacted smoothly in DMF in the presence of Cs 2 CO 3 with peracetylated 6-iodo-␤-CD 3 to give the desired products (13a, 13b, and 13c) (Fig. 7) . Finally, simultaneous removal of the phthalimide and acetate groups by use of a large excess of hydrazine monohydrate in aqueous EtOH gave the desired products (14a to 14c), isolated as the hydrochlorides. The structures and symmetrical substitution have been confirmed by mass spectrometry and 13 C NMR spectroscopy. Activities of hepta-6-aminoalkyl ␤-cyclodextrin derivatives.
Earlier, we synthesized and tested a group of hepta-6-aminoalkyl derivatives of ␤-cyclodextrin that successfully blocked the action of anthrax lethal toxin (13, 15) . That study showed that the inhibitory activity of the derivatives depended on hydrocarbon chain length. To further investigate this phenomenon, we compared aminoalkyl ␤-cyclodextrin derivatives with hydrocarbon chains having up to 10 carbons. Table 1 summarizes the experimental data on the inhibitory activity of cationic cyclodextrins against lethal toxin-mediated cytotoxicity (Table   FIG. 5. Cyclodextrins 5a to 5c and 5e, which were successfully guanidinylated with S-methylisothiourea hemisulfate and treated with 1 N HCl to afford ␤-cyclodextrin derivatives 9a to 9c and 9e as the hydrochloride salts.
FIG. 6. Treatment of ␣,␣-dibromoxylenes 10a to 10c with potassium phthalimide in DMF to give compounds 11a to 11c and treatment of phthalimides 11a to 11c with thiourea in EtOH to afford isothioureas 12a to 12c.
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on October 22, 2017 by guest http://aac.asm.org/ 1, column 3) and the blocking activity studied by channel reconstitution (Table 1 , column 4). The cytotoxicity inhibition data showed a general trend toward the increasing of the inhibitory activity against lethal toxin with increasing alkyl chain length. A possible interpretation is that the increase in the overall radius of the aminoalkyl ␤-cyclodextrins provides a better geometric fit to the binding site in the channel lumen. These experiments also showed that compounds 15 and 5a to 5f were not toxic to RAW 264.7 cells up to a 50 to 100 M concentration, while their 50% inhibitory concentration (IC 50 ) values were as low as 0.6 to 12 M. The higher hydrocarbon homologues 5g to 5i exhibited a very potent activity against lethal toxin (0.3 to 2.6 M) but also demonstrated an increased toxicity against RAW 264.7 cells (with 50% cytotoxic concentration values as low as 12 to 25 M).
These compounds were also tested for the ability to block ion conductance through the PA 63 channels reconstituted in planar bilayer lipid membrane (Table 1, blocker. Titration curves obtained for other compounds looked very similar except for the higher hydrocarbon homologues (compounds 5g to 5i), where we observed membrane instability (current increase) with the subsequent rupture (in 9 out of 10 experiments) at cyclodextrin concentrations ranging from 2 nM to 0.8 M. Figure 8 (bottom) also shows an example of such a titration curve for compound 5i. This finding suggests that the higher hydrocarbon homologues interact with the lipid bilayer by adsorbing to its surface and destabilizing its structure. It is quite possible that the destabilizing effect found in the channel reconstitution assay is related to the increased toxicity of these compounds revealed by experiments with RAW 264.7 cells. In the aggregate, the data obtained in the channel reconstitution assay support the conclusion that cyclodextrin inhibitory activity is related to the interaction of the compounds with the PA 63 channel. Indeed, the interaction increases with the lengthening of the hydrocarbon chain: compounds 5b (IC 50 , 0.6 Ϯ 0.4 nM), 5c (IC 50 , 1.1 Ϯ 0.5 nM), and 5e (IC 50 , 1.0 Ϯ 0.4 nM) are about 30 to 50 times more effective than the smallest compound, compound 15 (IC 50 , 32 Ϯ 15 nM). In Fig. 9 , we illustrate this observation by comparing the inhibition of PAinduced conductance by compound 5b with that by compound 15. The increase in IC 50 values for the long-chain derivatives (compounds 5g to 5i) may be related to the depletion of the free compound concentration at the membrane surface as a consequence of adsorption to the membrane. These kinds of factors are difficult to explain quantitatively, but it is clear that at low nominal concentrations (pM and nM) the adsorption is able to change the actual concentration of the compound at the channel entrance quite significantly.
Activities of hepta-6-aminoalkyl ␣-cyclodextrin derivatives. To address the importance of the size and sevenfold symmetry of ␤-cyclodextrin derivatives for strength of interaction with heptameric PA 63 pores, we synthesized aminoalkyl derivatives of ␣-cyclodextrin, a molecule similar to ␤-cyclodextrin but having sixfold symmetry (see compounds 16, 8b, and 8e in Table  1 ). When tested with RAW 264.7 cells (Table 1, column 3) , cationic ␣-cyclodextrins displayed no (compounds 16 and 8b) or weak (compound 8e) inhibitory activity against anthrax lethal toxin. Furthermore, the ion conductance studies (Table 1 , column 4) show that compounds 16 and 8e block PA-induced ion conductance 40 and 11 times less effectively than compounds 15 and 5e, respectively (compare, e.g., curves 16 and 15 in Fig. 9) .
Activities of hepta-6-guanidinealkyl ␤-cyclodextrin derivatives. In order to check the effects of the type of positive charge on the PA 63 pore blockage, we synthesized and tested a group on October 22, 2017 by guest http://aac.asm.org/ of hepta-6-guanidine ␤-cyclodextrin derivatives in which positive charges are distributed between the nitrogens of the guanidine moiety (see compounds 9a to 9e in Table 1 ). The activities of these compounds were quite comparable to those of the aminoalkyl ␤-cyclodextrins with one possible exception, namely, compound 9b, which was less active than the closely related amino derivative compound 5b. This was shown both with RAW 264.7 cells (Table 1 , column 3) and in the channel reconstitution assay (Table 1 , column 4).
Activities of hepta-6-arylamine ␤-cyclodextrin derivatives. To test the importance of the positive charge, we designed compound 17, in which the arylamine group is less basic due to the delocalization of the nonbonding electrons from the nitrogen atoms to the aromatic ring. Remarkably, this compound did not display any significant inhibitory activity in the cellbased assay (Table 1, column 3) . At the same time, compound 18, with a similar structure but an additional CH 2 group separating the nitrogen atom from the aromatic ring, displayed potent inhibitory activity (IC 50 , 2.3 Ϯ 1.2 M) against anthrax lethal toxin. The last finding is even more interesting taking into account that a related compound, compound 15, with unsubstituted amino groups, was more than five times less active than compound 18, which suggests a potential role for aromatic groups in binding to the PA pore lumen. Recently, Krantz and colleagues (17) found a "major conductance-blocking site" for hydrophobic cations. This binding site is formed by seven phenylalanine-427 residues (so-called clamp), generating a radially symmetric heptad of solvent-exposed aromatic rings. The favorable interaction of substances with aromatic moieties with the clamp has also been shown. Our data show the benefits of introducing the aromatic ring to the alkyl chains of cyclodextrin derivatives.
Activities of hepta-6-alkylarylamine ␤-cyclodextrin derivatives. To study the possible involvement of the aromatic groups in cyclodextrin binding to the PA channel lumen, we designed and tested a group of compounds with the phenyl rings inserted into the alkyl chains (compounds 14a to 14c). All three compounds demonstrated potent inhibitory activities against anthrax lethal toxin, having IC 50 values as low as 0.5 to 1.7 M. At the same time, they displayed no signs of toxicity toward RAW 264.7 cells up to a 100 M concentration (Fig. 10) .
One of the compounds from this group (compound 14b) has been tested for the ability to block the current through the PA channel on both the multichannel and the single-channel level. Interestingly, in multichannel experiments this compound displayed extremely potent blocking activity, with an IC 50 as low as 70 Ϯ 50 pM, which is almost 1 order of magnitude more effective than compound 5b, which had an IC 50 of 0.6 Ϯ 0.4 In the absence of cyclodextrins, the ion movement is determined mainly by the geometry and the surface properties of the pore (topmost tracks). The conductance and noise difference between the two PA channels presented here are within regular divergence between different experiments (18) . Fast flickering between open and closed states inherent to PA channels (so-called voltage gating [10] ) was mainly removed by averaging over a time interval of 100 ms. In the presence of cationic cyclodextrins in the cis side of the chamber, the channel is spontaneously blocked, with the frequency of blockages depending on compound concentration. Transmembrane voltage of 50 mV was positive from the side of protein addition. Compound 14b was used at a 120 nM concentration and compound 5b at 100 nM. (B) Typical statistical analyses of ␤-CD-induced blockages (see reference 27 for details). The fits represent "variable metric" as a search method and "maximum likelihood" as a minimization method. Note the difference in the residence times for compounds 14b and 5b. Figure 9 illustrates the difference between the titration curves for compounds 14b and 5b. Single-channel studies. Figure 11A gives typical examples of ion current recordings through a single PA channel modulated by compound 14b compared with compound 5b for different cyclodextrin concentrations. As with compound 5b, compound 14b addition to the membrane bathing solution caused fast transients between a fully open and blocked channel. However, the residence time of these events was distinctly longer than that observed for compound 5b (compare, for example, current recordings for 30 nM in Fig. 11A ). Shown in Fig. 11B are examples of statistical analyses of compound-induced blockages performed by direct single-exponential fitting of the residence time using logarithmically binned histograms (see reference 24 for details of the method). Remarkably, the residence time of compound 14b in the PA channel was about eight times longer than that for compound 5b. At the same time, the numbers of channel blocking events for these two derivatives were quite comparable: 0.29 Ϯ 0.03 s Ϫ1 and 0.33 Ϯ 0.01 s Ϫ1 for compounds 14b and 5b, respectively. These findings suggest that the effectivity of channel blockage (Fig. 9) is related to the strength of compound binding to the channel lumen.
Inhibition of EdTx activity.
Compound 5b was tested for its ability to block EdTx activity. In this experiment, CHO-K1 cells were incubated with different concentrations of the compound with or without EdTx and cAMP production was determined using a cAMP immunoassay kit. Cyclodextrin 5b inhibited EdTx at the same concentration range as LeTx (IC 50 , 2.2 Ϯ 0.2 M) (Fig. 12 ). These data demonstrate that ␤-cyclodextrin derivatives are not specific inhibitors of LF, providing additional support for the originally proposed mechanism of action, which involves the blocking of PA, a common subunit for both LeTx and EdTx.
Cytotoxicity inhibition versus channel blocking experiments. Figure 13 compares the data on cytotoxicity inhibition with the data obtained from multichannel lipid membrane experiments for the corresponding cationic derivatives. A reasonably good correlation between the IC 50 values can be observed if one takes into account the tremendous difference in these two methods. This finding supports the concept that cationic cyclodextrins inhibit anthrax toxins by means of blocking the PA channel. The aminoalkyl ␤-CD derivatives 5g to 5i, with longer alkyl chains, fall outside the shaded region; the nominal solution IC 50 concentrations obtained in the channel reconstitution assay are too high. This deviation may be explained by the concentration loss of the compounds in the vicinity of the PA channel. Indeed, lipid membranes are destabilized by these derivatives (Fig. 8, bottom) , which suggests their strong membrane adsorption. Strong adsorption at nM concentrations in the bulk may lead to a reduced compound concentration at the channel entrance because of a longer equilibration between the bulk and the membrane surface and/or compound-compound electrostatic repulsion.
